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Aortic regurgitation and mitral stenosis are hemody-
namically similar, insofar as both result in passive ven-
tricular filling across a narrow orifice driven by a de-
clining pressure gradient. Because mitral stenosis is
successfully characterized by Doppler ultrasound deter-
mination of the velocity half-time, or time constant, aor-
tic regurgitation might be quantified in an analogous
fashion. Eighty-six patients with diverse causes of aortic
regurgitation underwent continuous wave Doppler ex-
amination before cardiac catheterization or urgent aortic
valve replacement. The Doppler velocity half-time was
defined as the time required for the diastolic aortic re-
gurgitation velocity profile to decay by 29%, whereas
catheterization pressure half-time was calculated as the
time required for transvalvular pressure to decay
by 50%.
Mitral stenosis has been quantified noninvasively by Dop-
pler ultrasound utilizing a time constant approach, namely
the velocity half-time (l). This noninvasive method provides
an estimate of mitral valve orifice size based on the rate of
deceleration of flow across the stenotic orifice. The results
of this noninvasive method are comparable with those ob-
tained by the Gorlin equation and invasive assessments of
pressure and flow and have the benefit of being relatively
independent of heart rate and cardiac output.
Mitral stenosis and aortic regurgitation share many hemo-
dynamic attributes. Both are diastolic phenomena, and both
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Doppler velocity and catheterization pressure half-
times were linearly related (r = 0.91). Doppler velocity
half-times were inversely related to regurgitant fraction
(r = - 0.88). Angiographic severity (l + = mild to 4 +
= severe) was also inversely related to pressure and
velocity half-time; a Doppler half-time threshold of 400
ms separated mild (1 +, 2 + ) from significant (3 + , 4+ )
aortic regurgitation with high specificity (0.92) and pre-
dictive value (0.90). The Doppler velocity half-time was
independent of pulse pressure, mean arterial pressure,
ejection fraction and left ventricular end-diastolic pres-
sure. Estimation of transvalvular aortic pressure half-
time utilizing continuous wave Doppler ultrasound is a
reliable and accurate method for the noninvasive eval-
uation of the severity of aortic regurgitation.
(J Am Coli Cardiol1986;8:592-9)
cause passive ventricular filling across a narrow orifice driven
by a declining pressure gradient. The analogy is further
reinforced by the similarity of continuous wave Doppler
flow profiles recorded from stenotic mitral and insufficient
aortic valves. Because accurate assessment of mitral stenosis
is possible with Doppler ultrasound utilizing a time constant
approach, it was postulated that aortic regurgitation could
be characterized in analogous fashion using a time constant
method.
Methods
Study patients. Eighty-six patients (mean age 46 ::t: 21
years) with valvular heart disease were referred for Doppler
examination before cardiac catheterization in three institu-
tions. Twenty-nine patients had isolated aortic regurgitation
associated with aortic root dilation; 24 had combined aortic
stenosis and aortic insufficiency; 15 had rheumatic heart
disease with involvement of both mitral and aortic valves;
8 had prosthetic aortic valve regurgitation; 8 had acute se-
vere aortic regurgitation as a result of aortic valve endo-
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Figure 1. Aortic (Ao) and left ventricular (LV) pressure tracings
from representative patients with mild (A), moderate (B) and se-
vere (C) aortic regurgitation, respectively. The pressure tracings
are superimposed smoothed representations of left ventricular and
aortic root pressure curves. Pressure half-time is determined as the
time required for early diastolic pressure to decay by 50%.
the aortic root. Moderately severe aortic regurgitation (3 +)
was judged by complete opacification of the left ventricle,
with equal opacification between the ventricle and aortic
root. Moderate (2 +) regurgitation was ascribed to faint
visualization of the ventricular contour after aortic root in-
jection. Mild (I +) aortic regurgitation was judged by faint
appearance of dye below the aortic valve without demon-
stration of the ventricular outline. Angiograms were ob-
carditis; and 2 had acute severe regurgitation due to Marfan's
dissection of the aortic root or metastatic tumor involving
the aortic valve anulus.
Catheterization methods. Seventy of the 86 patients
underwent right and left heart catheterization, whereas 8
had left heart catheterization only. Eight patients did not
undergo catheterization because of endocarditis. The dia-
stolic pressure gradient across the aortic valve was measured
by superimposing pressure tracings obtained from a fluid-
filled catheter in the left ventricular cavity and after pullback
across the aortic valve to the aortic root. To determine aortic
valve pressure half-time, the time required for the peak
diastolic pressure gradient between the aorta and the left
ventricle to collapse by 50% was calculated graphically (Fig.
1). Peak diastolic pressure was determined at departure of
aortic root and ventricular pressure tracings. Because of
frequency response limitations of fluid-filled catheter sys-
tems (2), the determination of early diastolic left ventricular
pressure required graphic extrapolation in most patients with
severe regurgitation (Fig. l C). A straightedge was aligned
with the middle two-thirds of the pressure tracing, and this
line segment was extended to the left, intersecting with the
perpendicular marking earliest diastole. When aortic regur-
gitation was mild, half-time was frequently not reached
during the diastolic period, requiring graphic extrapolation
of both left ventricular and aortic root diastolic pressures
rightward (Fig. l A). The exponential decay of aortic root
pressure approaches a linear asymptote as diastole pro-
gresses (3), and on this basis a linear extrapolation was
employed. A straightedge was positioned along the pressure
tracing in the last third of diastole, extending the line. The
rightward extrapolations were required for mild regurgita-
tion only, because pressure half-time was always reached
before the end of diastole in moderate to severe cases. Left
ventricular end-diastolic pressure was determined from the
left ventricular pressure tracing 40 ms after the electrocar-
diographic Q wave.
Regurgitant fraction was determined in 32 patients. The
calculation was not performed in the remaining 54 patients
for the following reasons: 8 did not undergo catheterization
(endocarditis); 8 had left heart catheterization only; 18 had
significant mitral regurgitation (2 + or greater); and 20 had
differences between Fick and indicator-dilution cardiac out-
put in excess of 0.8 liters/min. Regurgitant fraction was
determined as the difference between angiographic output
and Fick output, all divided by angiographic output (4).
Angiographic cardiac output was determined from the 30°
right anterior oblique projection after the method of Ken-
nedy et al. (5).
All patients undergoing catheterization had aortography
to determine grade of angiographic regurgitation. Severe
(4 +) aortic regurgitation was based on immediate opaci-
fication of the ventricle in the first cardiac cycle after aortic
root injection, with the ventricle more densely opacified than
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tained routinely from the 45 to 60° left anterior oblique
projection and, when available, the 30 to 45° right anterior
oblique projection.
Doppler methods. All studies were performed with a
Carolina Medical Electronics Sonacolor Doppler or an lrex
Meridian Doppler system utilizing a 2.5 or 2.0 MHz con-
tinuous wave transducer. Doppler studies were performed
with the patient in the left lateral decubitus position with
the transducer near the apical impulse. The transducer was
angled to obtain systolic ejection velocity across the aortic
valve. Usually in the vicinity of this signal a high velocity
decrescendo diastolic profile characteristic of aortic insuf-
ficiency was recorded (Fig. 2). This signal was pursued by
angular and translational transducer movement to maximize
peak early diastolic velocity and the definition of the Doppler
velocity envelope distinct from background noise. In all
cases, peak diastolic velocities of greater than 3 m/s were
recorded. In five patients with mitral stenosis in addition to
aortic regurgitation, higher velocities, lower signal strengths
and absence of A waves in the aortic regurgitation profiles
made the two diastolic signals easily separable. Five tech-
nicians at three institutions independently performed the
studies.
The method utilized to determine the half-time of the
Doppler waveform was similar to that suggested by Halle
et al. (1). By the Bernoulli equation, the pressure gradient
across a restricting orifice is proportional to the square of
the velocity gradient, and the formulas utilized to approx-
imate pressure half-time utilizing Doppler velocity data re-
flect this quadratic relation. Thus, the velocity half-time
estimate of the pressure half-time is not the time required
for peak velocity to decay to one-half of the peak value;
instead, it is the time for it to decay to 1Iv2 (0.71) of the
peak value. To measure velocity half-time, a video cursor
was placed at the early diastolic peak of the velocity profile,
with a second cursor placed visually to define the linear rate
of diastolic velocity decay. Cursor positioning is illustrated
in Figure 2. We have quantitated regurgitant signals in more
than 435 patients in the 2 years that this method has been
employed, and have only rarely observed a significant de-
parture from linear decay, that being a mild increase in the
decay rate in earliest diastole accompanying mild regurgi-
tation (Fig. 2A). Even then we perform a best visual linear
fit to the Doppler waveform. It can be shown that velocity
half-time is equal to the quotient of the peak Doppler shift
(Fl) and the slope (S) between the cursors multiplied by a
constant of 0.29. The derivation of this formula appears in
the Appendix. This implementation has the benefit of using
the entire velocity profile to determine the rate of decay,
thus increasing the accuracy of the slope determination. In
addition, this method does not require tedious calculator
work either during (video display) or after (hardcopy) the
study, because only multiplication and division are in-
volved. The Doppler velocity result for each patient was
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Figure 2. Doppler recordings from the same representative pa-
tients as in Figure I with mild (A), moderate (8) and severe (e)
aortic regurgitation, respectively. Doppler velocity half-time is
determined by the peak Doppler shift (Fl ) and linear deceleration
rate (S) between cursors placed at the beginning and end of the
diastolic velocity profile. The half-time is calculated from a for-
mula derived in the Appendix.
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obtained by averaging the half-times from the six beats with
the highest peak velocity and best signal to noise ratio.
Patients with endocarditis. Eight patients with acute,
severe aortic regurgitation and echocardiographic evidence
for large vegetative lesions involving the aortic valve and
very short Doppler velocity half-times « 180 ms) were
referred for surgical intervention without cardiac catheter-
ization. Six of the patients had hypotension, pulmonary
edema and marked tachycardia. All were in unstable con-
dition and unsuitable for cardiac catheterization and were
considered urgent cases for aortic valve replacement. On
clinical and Doppler findings, these patients were assigned
a diagnosis of severe (4 +) aortic insufficiency, which was
confirmed at the time of surgery. During cardiopulmonary
bypass before aortic cross clamping, massive ventricular
sump flow was observed in all.
Statistical methods. Results are expressed as the mean
SD. Statistical methods included the least squares regres-
sion analysis with linear curve fitting and calculation of
correlation coefficients utilizing Spearman's nonparametric
technique (6). Specificity was defined as the ratio of neg-
atives detected to the total number of negatives, while the
predictive value was defined as the ratio of true positives
to the sum of true and false positives.
Results
By angiography, 25 patients had mild (I +), 27 had
moderate (2 +) and 18 had moderately severe (3 + ) aortic
regurgitation. Among the 16 with severe aortic regurgita-
tion, the 4 + grade was assigned by angiographic criteria
in 8; the remaining 8 patients with bacterial valvulitis were
assigned a 4 + grade on clinical and surgical criteria.
Hemodynamics. Indexing transvalvular pressure half-
time determined during catheterization against angiographic
grade: pressure half-time ranged between 0.4\ and 0.97
second (0.63 ± 0.12) in 1+ aortic regurgitation; between
0.38 and 0.68 second (0.47 ± 0.10) in 2+ aortic regur-
gitation; between 0.17 and 0.31 second (0.29 ± 0.06) in
3 + aortic regurgitation; and between 0.10 and 0.38 second
(0.18 ± 0.08) in 4 + regurgitation. Correlation analysis for
all catheterized patients showed both angiographic grade
and pressure half-time to be relatively independent of the
influence of heart rate, pulse pressure, left ventricular end-
diastolic pressure and systemic vascular resistance, with all
correlation coefficients less than 0.6.
In 32 patients regurgitant volume ranged from 15 to 72%
of the total cardiac output. The regurgitant fraction was
inversely related to the pressure half-time (Y = - 0.015X +
1.05, SEE = 0.105, r = -0.91).
Doppler velocity measurements. Beat to beat varia-
bility in the Doppler velocity half-time measurements av-
eraged 0.011 ± 0.003 second for the 86 patients, while the
Doppler half-time ranged between 0.97 and 0.08 second.
The correlation between Doppler velocity half-time and
catheterization pressure half-time is depicted in Figure 3.
Despite delays between Doppler and catheterization studies
ranging from 2 hours to 23 days (mean 5.2 ± 4.3 days),
a correlation coefficient of 0.91 was found, with regression
analysis showing a linear relation near the line of identity
(slope = 0.98). Correlation appeared worst with long half-
times, perhaps reflecting the inaccuracies incurred in ex-
trapolation of pressure tracings in patients with long pressure
half-times. In the group with significant (3 +, 4 +) aortic
regurgitation with half-times less than 400 ms, the corre-
lation appeared improved. This may reflect the short delay
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Figure 4. Doppler velocity half-time is plotted
against regurgitant volume, expressed as a percent
of angiographic cardiac output in 32 patients where
this calculation was possible (see text). AI = aortic
insufficiency.
REGURGITANT FRACTION (x)
between Dopper studies and catheterization in this subgroup
(2 hours to 4 days).
Like pressure half-time, velocity half-time had an inverse
negative correlation with regurgitant fraction. Figure 4 il-
lustrates this relation in the 32 patients in whom this cal-
culation was possible. All 12 patients with a regurgitant
fraction exceeding 40% had a Doppler half-time less than
400 ms. However, two patients with a regurgitant fraction
between 25 and 35% also had a short half-time. Because
of the scatter apparent in this plot, estimation of the regur-
gitant fraction utilizing the half-time method does not seem
reliable.
The inverse relation between Doppler velocity half-time
and angiographic grade is illustrated in Figure 5. Mild
(l + ) aortic regurgitation corresponded with Doppler half-
times from 0.43 to 0.97 second (0.65 :t:: 0.14), 2+ aortic
regurgitation corresponded with half-times from 0.33 to 0.68
second (0.45 ± 0.09) and 3 + aortic regurgitation corre-
sponded with half-times from 0.14 to 0.38 second (0.28 :t::
0.07). Severe (4 +) aortic regurgitation corresponded with
Doppler half-times ranging between 0.08 and 0.33 second
(0.17 ± 0.07). Overlap between adjacent angiographic grades
precludes reliable prediction of absolute grade based on the
velocity half-time measurement. However, it does appear
that significant (3 + , 4 +) and mild (1 + , 2 +) degrees of
regurgitation can be distinguished. Utilizing a threshold of
400 ms, significant regurgitation was identified in all 34
patients, with four false positives and no false negatives.
Thus, the specificity was 0.92 and the predictive value
was 0.90.
Correlation analysis showed Doppler velocity half-time
to be independent of heart rate, pulse pressure, left ven-
tricular ejection fraction and left ventricular end-diastolic
pressure, with all correlation coefficients less than 0.6.
However, elevated ventricular end-diastolic pressure ap-
peared to account for lowest quartile overlap in Doppler
half-times between adjacent regurgitant grades. Plotting all
16 patients with a left ventricular end-diastolic pressure
greater than 26 mm Hg as solid circles in Figure 5, it is
seen that these patients compose the lowest quartile in each
grade. Ejection fraction ranged from 77 to 13% (45.4 ±
20.4) in these 13 patients. In patients with high end-diastolic
pressure, velocity half-time appeared short relative to the
angiographic assessment of severity; left ventricular pres-
Figure 5. Doppler aortic regurgitation (AI) velocity half-time is
plotted as a function of angiographic grade for the 86 patients.
Patients with identical half-times are plotted as a single cross or
circle. Patients with left ventricular end-diastolic pressure greater
than 26 mm Hg are represented by solid circles. Means and stan-
dard deviations of Doppler half-time are plotted for each angio-
graphic range. For numeric values see text.
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sure rises rapidly as a result of ventricular factors as well
as aortic regurgitation and effectively shortens the half-time.
Discussion
This study demonstrated close correlation between Dop-
pler velocity half-time, hemodynamics, surgical findings
and angiography in 86 patients with diverse causes of aortic
regurgitation, many of whom had mixed valvular heart dis-
ease or a prosthetic valve. Assessment of aortic regurgitation
by velocity or pressure half-time appeared to be statistically
independent of loading conditions, heart rate and cause of
valvular insufficiency in the group as a whole, but this
independence remains to be demonstrated in individuals.
The rate of rise of ventricular diastolic pressure appeared
to exert influence independent of the degree of regurgitation,
and appeared to be responsible for overlap in half-times
between adjacent angiographic grades.
Previous studies. Previous investigators (7-9) evaluated
the severity of aortic regurgitation based on the rate of
decline in the diastolic aortic root pressure curve, all show-
ing correlation with clinical or angiographic standards of
regurgitation severity. Pressure half-time approaches were
developed in the catheterization laboratory for mitral ste-
nosis by Libanoff and Rodbard (10) and for aortic regur-
gitation by Libanoff (11). Libanoff found an inverse cor-
relation between pressure half-time and the angiographic
severity of aortic regurgitation, very similar to the results
of the present study. Unlike all prior investigations, in this
study we utilized the graphic difference between left ven-
tricular end-diastolic pressure and aortic root pressure to
find the half-time, measuring the time course of the true
gradient across the aortic valve. Thus, we found signifi-
cantly shorter pressure half-times in patients with severe
aortic regurgitation or greater elevations in left ventricular
end-diastolic pressure, or both, than previously reported.
Libanoff (11) demonstrated the independence of aortic
pressure half-time from modest elevations in mean aortic
pressure and cardiac output caused by low level exercise.
Our study demonstrated close correlation between pressure
and velocity half-times despite delays between noninvasive
and invasive studies, yielding further support for the hy-
pothesis that the half-time represents a physiologic time
constant of the regurgitant aortic valve relatively indepen-
dent of heart rate and loading conditions. Factors that govern
the severity of aortic regurgitant flow include the size of the
regurgitant orifice, aortic compliance, systemic vascular re-
sistance and the compliance of the left ventricle (7). Half-
time measurements reported here appear statistically to de-
pend chiefly on the effective regurgitant orifice size and the
rate of rise of left ventricular pressure.
Alternative Doppler methods exist for the assessment of
aortic regurgitation. Utilizing pulsed Doppler ultrasound,
the range and extent of the aliased regurgitation disturbance
in the left ventricle can be determined, and the extent of
this flow disturbance has been correlated with angiographic
grade (12-14). In an analogous fashion, Doppler two-di-
mensional color flow mapping, which is also a pulsed Dop-
pler technique, may be of use in the mapping of the diastolic
flow disturbance. None of these pulsed Doppler techniques
return a quantitative result, and all require multiple mea-
surements, preferably from multiple views. The results are
expressed on a semiquantitative scale of I + to 4 +. In
contrast, the continuous wave Doppler half-time technique
requires only that the regurgitant jet be interrogated from a
single site, and a continuously distributed quantitative result
is returned.
Other investigators (15,16) have utilized Doppler ultra-
sound to study the ratio between anterograde systolic and
retrograde diastolic flow in the ascending aorta, assessing
aortic regurgitation severity and regurgitant fraction. In mild
degrees of regurgitation, however, the retrograde flow in-
formation may merge with the noise accompanying the Dop-
pler baseline, making assessment difficult or impossible.
The presence of aortic stenosis usually disturbs the systolic
flow profile sufficiently to make the area-ratio method un-
usable.
Limitations. This report represents a retrospective cor-
relation between Doppler studies and cardiac catheteriza-
tion. Future prospective validation of the observed Doppler
half-time ranges and the proposed 400 ms threshold against
invasive standards will be required. However, numerous
problems exist in the angiographic evaluation of regurgitant
lesions, including interobserver variability, contrast injec-
tion rate and volume, and relative size and systolic function
of the left ventricle (17). Moreover, theoretically the Dop-
pler method is only measuring the rate of pressure collapse
across the regurgitant orifice (pressure half-time), and not
the relative volume (regurgitant fraction) or the rate (an-
giographic grade) of regurgitant flow. The relation plotted
in Figure 4 between the Doppler half-time and the pressure
half-time thus shows an identity, whereas relations with the
latter two of these invasive standards are only correlations.
The results presented here should stimulate renewed interest
in the characterization of aortic regurgitation utilizing pres-
sure half-time, as well as characterization of the regurgitant
orifice size as proposed by Levine and Gaasch (18).
The primary problem encountered in this technique is
difficulty in obtaining an adequate aortic regurgitation sig-
nal. Although an adequate signal was obtained in all patients
reported here, we have detected but failed to quantitate
Doppler profiles in 68 of 503 patients studied with this
method during the last 2 years (14% failure rate). We refrain
from quantifying profiles if the peak velocity cannot be
recorded over 3 m/s and clear definition of the Doppler
velocity envelope from the background noise cannot be ob-
tained. The determination of velocity half-time, however,
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Figure 6. Derivation of formula for determining Doppler velocity
half-time (TH). See Appendix.
appears independent of the angle between the Doppler beam
and the velocity jet, as shown in the Appendix.
This technique may overestimate the degree of aortic
regurgitation in patients with high left ventricular end-di-
astolic pressure. In these cases, an overestimation by one
angiographic grade should be anticipated. This may not be
a severe limitation, because it will result in detection of
patients with significant insufficiency or compromised ven-
tricular function, or both, who may warrant further evalu-
ation.
Benefits. The apparent accuracy of the half-time method
should allow serial quantitative studies in patients with chronic
regurgitation of either a native or a prosthetic aortic valve,
even when mixed valvular disease is present. It may be
possible to avoid aortography in patients at high risk for
invasive or contrast studies when the Doppler study is de-
finitive. For example, all 10 patients with a Doppler half-
time less than 0.18 second were considered for urgent valve
replacement, which was carried out in 8 patients with en-
docarditis. The diastolic murmur was very short and escaped
clinical detection in four of the eight, and the Doppler ex-
amination yielded pivotal information in all. Two patients
with a Doppler half-time index of less than 0.15 second
died within 48 hours of the echocardiographic study, illus-
trating the urgency of intervention when very short half-
times are recorded.
Wethank Paula Logan, ROMS, Marcia Armstrong, ROMS, Steve Thomas,
ROMS, Becky Cox and Terry Reynolds for thorough Doppler examination
of the patients.
Appendix
A continuous wave Doppler aortic regurgitation profile is idealized
as a trapezoid (Fig. 6). Because triangles abc and ade in Figure 6
are equivalent, equivalent expressions for slope may be written
(Equations I and 2). Doppler shift and time coordinates of cursors
placed at the peak and end-diastolic portions of the envelope to
determine the peak and deceleration slopes are indicated (F I ,Tl
and F2,T2). The velocity half-time (TH) as classically defined is
the time required for velocity to decay to FJrV2. Simplifying the
slope equation for triangle abc (Equation 2) yields Equation 3.
Further simplification results in Equation 4, characterizing the
Doppler half-time as the product of a constant (0.293) and the
peak Doppler shift divided by the slope of the decay. By substi-
tuting Equation I in Equation 4, Equation 5 is obtained. The
Doppler equation, Fd = 2cosO * Y*Fo/C, states the dependence
of the observed shift (Fd) on the angle (theta) between the Doppler
beam and the velocity vector. Because Doppler shifts (Fl , F2)
implicitly containing the Doppler angle theta are found in the
numerator and denominator of Equation 5, theta may be factored
out, showing this half-time approach to be independent of the
interrogation angle between the Doppler beam and the velocity jet.
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